A compact dual-mode balun bandpass filter with improved upper stopband performance is proposed by loading a quasi-T shaped open stub on a square ring resonator. By stretching the length of the loaded open stub, one of the second-order degenerate modes moves down quickly and builds up a dual-mode passband together with one of the firstorder degenerate modes. Owing to the long electrical length of the open stub, more phase oscillations between the input and output ports are introduced, thus generating one more transmission zero above the passband. Measured results confirm both a good in-band filtering balun and improved upper-stopband performance.
Introduction: Nowadays, the ever increasing demand for compact and low-cost modern wireless communications systems leads to the integration of microwave circuits. The balun and the filter are both key components in RF front-end systems. Thereby, an integration of a balun and a filter is necessary to reduce the size and cost of systems. The balun bandpass filter can not only maintain a frequency band selection property, but also provides a balanced-to-unbalanced conversion. Accordingly, many researchers have started to explore various balun bandpass filters. One of the most popular solutions is based on the low-temperature co-fired ceramic (LTCC) technology [1] . However, the design procedure on the multilayer structure is very complicated. Recently, the dual-mode microstrip-based resonator has attracted much attention in the design of balun filters [2, 3] . Because of the coexisting of the two degenerate modes, a dual-mode resonator has the advantages of compact size, high quality factor and two transmission zeros on both side edges at one of the balanced outputs. Moreover, the out-of-band performance can be further improved by either cascading other filtering components or loading additional patch elements at four corners of the ring resonator [4] [5] [6] . Unfortunately, the size and insertion loss are increased accordingly [4, 5] , and the in-band performance has also been disturbed by the mutual effects of the loaded patches [6] .
In this Letter, we propose using a single open stub to improve upper stopband performance with one more transmission zero. Different from the previous designs using the first-order degenerate modes [2] [3] [4] [5] [6] , the passband is formulated by a first-order degenerate mode and a secondorder degenerate mode. Because of the long electrical length of the loaded open stub, more phase oscillations at I/O ports are expected, thus producing an additional transmission zero above the passband. Circuit design: Fig. 1 illustrates the layout of the proposed balun bandpass filter using a dual-mode microstrip ring resonator. The dimensions are as follows:
The substrate has a relative dielectric constant of 4.8 and a thickness of 0.8 mm. A quasi-T shaped stub is loaded at one of the four inner corners as a perturbation element for the dual-mode resonator. The unbalanced input port 1 is orthogonally arranged in-between two balanced output ports (2 and 3) along the square ring resonator. The electrical distance between the two balanced output ports is a half-wavelength at the operating frequency, which naturally offers a 1808 phase difference. In the literature [2] [3] [4] [5] [6] , the two first-order degenerate modes were used to realise a dual-mode characteristic, but only two transmission zeros have been generated at one of the transmission paths between the input and output ports. To improve the attenuation at another output port, we continuously enhance the effect of the perturbation element by stretching the length of the open stub. Fig. 2 shows the first three resonant frequencies against the stub length (l 3 ) of the proposed resonator when l 4 and l 5 ¼ 0 mm. As l 3 increases from 2.6 to 28.6 mm, one of the first-order degenerate modes ( f 1 ) and a secondorder degenerate mode ( f 3 ) shift quickly to lower frequencies, while another first-order degenerate mode ( f 2 ) keeps unchanged around 2 GHz. It implies that the passband can also be constructed by the resonances at f 2 and f 3 (e.g. B-B ′ when l 3 ¼ 27.3 mm), instead of using f 1 and f 2 (A-A ′ when l 3 ¼ 3.9 mm) as those in the traditional cases [2] [3] [4] [5] [6] . To verify this proposal, we compared the frequency responses between the case in this work with an additional transmission zero and the traditional case without a transmission zero under the weak coupling, as shown in Fig. 3 . Clearly, two pairs of resonances are closely allocated around 2 GHz. More importantly, with longer stub length, an additional transmission zero is introduced at 3.3 GHz. Obviously, it will help to improve the upper-stopband attenuation of the balun filter.
Experimental results: To verify our proposal, a prototype balun banpass filter was designed, implemented and measured. Figs. 4a and b show the simulated and measured frequency responses, amplitude imbalance and phase difference of the proposed balun filter. Good agreement has been achieved between them. The measured minimum insertion and maximum return losses in the passband are (3 + 1.1) dB and 29.9 dB, respectively. Over the frequency range from 1.99 to 2.06 GHz, the measured amplitude imbalance and phase difference between the two balanced ports are within 1 dB and 180 + 58, respectively. Totally, three transmission zeros at 1.77, 2.21, 3.33 GHz are realised.
Conclusion:
We present a compact dual-mode balun bandpass filter using a quasi-T shaped stub loaded on a square ring resonator. Without cascading any other filtering component, one more transmission zero has been obtained, while the in-band two-pole characteristic can also be well maintained due to the simple configuration with less parasitic effects.
